A DNA methylase has been purified 270-fold from HeLa cell nuclei by chromatography on DEAE-cellulose, phosphocellulose, and hydroxyapatite. The enzyme transfers methyl groups from S-adenosyl-L-methionine to cytosine residues in DNA. The sole product of the reaction has been identified as 5-methylcytosine. The enzyme is able to methylate homologous (HeLa) DNA, although to a lesser extent than heterologous DNA. This may be due to incomplete methylation of HeLa DNA synthesized j£ vivo. The HeLa enzyme can methylate singlestranded DNA, and does so to an extent three times greater than that of the corresponding double-stranded DNA. In single-stranded M. luteus DNA, at least 2.4% of the cytosine residues can be methylated _in vitro by the enzyme. The enzyme also can methylate poly (dG-dOdG-dC) and poly (dG, dC). Bilateral nearest neighbors to the 5-methylcytosine have been determined with M. luteus DNA in vitro and HeLa DNA in vivo.
INTRODUCTION
The methylated bases N-6-methyladenine and 5-methylcytosine occur in many species of bacteria. 1 These bases are not incorporated as such during DNA replication, but are the product of DNA methylases which transfer methyl groups from S-adenosyl-L-methionine to specific sites in DNA. 2 Some of these DNA methylases function as "host-specific modification" and thus protect the host DNA from degradation by its own restriction enzymes (for recent reviews see Arber 3 and Meselson et^ al. ).** Both N-6-methyladenine 5~8 and 5-methylcytosine 9 occurring at specific base sequences ("recognition sites") in DNA can serve this function. However, the majority of methylated bases in J2. coli are unrelated to modification of restriction sites. 1 "' 11 The nuclear DNA of several types of animal cells contains 5-methylcytosine. 12 However, no restriction enzymes have been reported in animal cells, and the biological function of 5-methylcytosine in these cells remains unknown. Partially purified DNA methylases have been prepared from rat spleen and Iiver 13 > llf and the mechanism of action of the latter enzyme has been studied 15 " 17 by Morris and his co-workers. HeLa cell nuclear DNA is known to contain 5-methylcytosine 18 " 20 and it was of interest to examine the enzymology of DNA methylation in this cell type in some detail. As a first step in this direction we describe the purification and properties of a DNA methylase from HeLa cell nuclei. A preliminary report has been published. 21 
MATERIALS AND METHODS

Enzymes and chemicals
Pancreatic DNase (electrophoretically pure, 3750 units/mg, 1 mg/ml, RNase A (electrophoretically pure, 6100 units/mg), venom phosphodiesterase was dissolved in 50 ml of 20 mM Tris-Cl, 10 mM EDTA, pH 8.5, then treated with pancreatic RNase (20 yg/ml) for 30 min at 37°, extracted three times with equal volumes chloroform -isoamyl alcohol (24:1) and precipitated with 100 mg of 95% ethanol. The DNA was wound on a glass rod and dissolved in 50 ml of 15 mM NaCl, 1.5 mM sodium citrate. Sodium acetate (5 ml of 3 M) was added and the DNA precipitated with 30 ml of isopropanol. The DNA was again collected by winding and dissolved in 15 mM NaCl, 1.5 mM sodium citrate to a final concentration of 0.7 mg/ml. Denatured M. luteus DNA was prepared by heating the DNA to 100° for 5 min followed by quenching on ice. E. coli B DNA was obtained from Grand Island Biological Company and further purified as above. HeLa DNA was prepared from nuclei by suspending HeLa nuclei from 11.8 g of cells in 120 ml of 20 mM Tris-Cl, 10 mM EDTA, pH 8.5, adding 1.2 ml of 10% sodium dodecyl sulfate and 2.4 ml pronase (50 mg/ml) and digesting for 12 hours at 37°. Ten percent sodium dodecyl sulfate (14 ml) and 5 M NaC104 (28 ml) were added and the solution was extracted twice with equal volumes of chloroformisoamyl alcohol (24:1) after which the DNA was precipitated with 170 ml of ethanol. The DNA was collected by winding and dissolved in 20 mM Tris-Cl pH 8.5, 10 mM EDTA to a concentration of 0.5 mg/ml and further purified as described above for M. luteus DNA. Vaccinia DNA was prepared from vaccinia virus as described by LaColla and Weissbach. 22 Herpes simplex type 1 DNA was prepared by the method of Kieff et al. 23 Phage Q6 was obtained from Dr. A. The synthetic copolymers (dA-dT) n -(dA-dT) n , (A) n -(dT) n , (dC) n and (dG) n " (dC) n were obtained from Miles Laboratories, Inc. The copolymers (dG-dC) n -(dG-dC) n and (dG, d C ) n were obtained from P-L Biochemicals, Inc.
Ramel of the
Standard assay for DNA methylase activity The mixtures were incubated at 37° for 20 min. Acid precipitation of the reaction products and preparation for counting were done as previously described 21 * except that the counting was done in LSC-acetic acid scintillation medium.
One unit of DNA methylase is defined as that amount of enzyme which, under the standard assay conditions, catalyzes the incorporation of 1 pmole of methyl groups into M. luteus DNA in 1 hour.
Growth of cells
HeLa S-3 cells were grown in suspension cultures at 37° in F-13 medium (Gibco) supplemented with 5% fetal-calf serum (Gibco), 4 mM glutamine, 50 units per ml of penicillin and 50 yg per ml of streptomycin. The cells were harvested at a density of 5.0 x 10 5 cells per ml by centrifugation at 1000 x £ and washed as described by Berkowitz et al. 2 5 Preparation of nuclei HeLa S-3 cells were suspended in 10 ml of 10 mM NaCl, 1 mM KPO,, (pH 7. A)
per g of cells and after 20 min at 0° were broken in this buffer with a Dounce homogenizer. The nuclei were separated from the cytoplasm by centrifugation (10 min at 800 x g) and the nuclear pellet was washed with a
Triton N-101 solution as described by Berkowitz et al. 2 5 The nuclei were resuspended in Berkowitz buffer I (3 ml per g of cells) and frozen at -70°C until used. Tener. 28 The dtnucleoside monophosphate peak (-1 charge) was pooled and the dinucleoside monophosphates recovered by adsorption on partially inactivated
Norit and subsequent elution as described by Roy and Smith. 7 The eluates were evaporated to dryness and resuspended in 10 pi H_0.
GpC and CpC (1 pi each of 10 mg/ml) were added as absorbance markers and the mixtures spotted onto a thin-layer cellulose plate and electrophoresed on a cooled-flat-plate apparatus for 3.5 hours at 25 V/ctn using 75 mM ammonium formate (pH 3.5) buffer. The electropherograms were cut into 0.5 cm strips and counted in LSC.
The strips containing the dinucleoside monophosphate peaks were washed in toluene and evaporated to dryness. To elute the radioactivity, the strips were suspended in 0.2 M NH.OH, the plastic backing removed, the cellulose macerated and removed by centrifugation, and the supernatant again evaporated to dryness. The dinucleoside monophosphates were resuspended in 10 pi of Figure 1C ). The methylase elutes as a single peak in each of these steps. Glycerol is added before hydroxyapatite chromatography in order to stabilize the enzyme. The total purification of the pooled hydroxyapatite peak from nuclei is 273-fold and the purification is summarized in Table 1 . The hydroxyapatite step is a convenient method of concentration as well as purification, and the hydroxyapatite-purified enzyme is stable for at least several weeks when stored at -70°. The subsequent characterization of the enzyme was carried out with this fraction. The purification was carried out as described in Materials and Methods. Methylase activity was assayed in standard reactions incubated for 20 minutes. Proteins were assayed by the method of Lowry et^ al. 29 General properties of DNA methylase
The requirements for activity of the enzyme are shown in Table 2 . The enzyme required no cofactors other than j>-adenosyl-L-methionine and a sulf- Fig. 1 . DEAE-cellulose (A), phosphocellulose (B), and hydroxyapatite (C) chromatograms of the HeLa cell DNA methylase. Elutions were carried out as described in "Materials and Methods" and fractions of 40 yl (DEAE and phosphocellulose) or 20 ul (hydroxyapatite) were assayed under the standard conditions as described in "Materials and Methods".
hydryl reagent (such as dithiothreitol). It is inhibited by the sulfhydryl inhibitor, iodoacetamide. The optimal pH for the activity is 6.5. The product of the reaction is DNase sensitive and RNase resistant. To determine its molecular weight, the enzyme was sedimented on a 20-40% glycerol gradient using bovine serum albumin (4.3 S) and rabbit muscle aldolase (7.35 S) as markers. The HeLa DNA methylase activity was recovered in a single symmetrical peak at 6.3 S. If one assumes a spherical configuration and a partial specific volume of 0.73, the molecular weight may be estimated to be about 120,000.
Substrate specificity of the reaction HeLa DNA methylase was assayed with several natural and synthetic substrates and the rates of reaction in a 20 minute incubation are summarized in Table 3 . The enzyme is active on single-stranded as well as double-stranded Table 2 Requirements of The DNase no EDTA. The 5 mM iodoacetfrom the enzyme preparation.
DNA. _E. coli DNA, which has a lower GC content than M. luteus, and contains methylated bases, is methylated less than half as rapidly as M. luteus DNA.
Vaccinia virus and herpes simplex virus DNA's obtained from viruses grown in
HeLa cells are similarly poorly methylated. A small amount of methylation was found with QB RNA, but this may be due to a contaminating RNA methylase activity in our preparations. A terminally methylated double-stranded RNA, purified from cytoplasmic polyhedrosis virus, 30 was not further methylated by the enzyme. The synthetic copolymers (A) •(dT) , (dA-dT) •(dA-dT) , (dC) , n n n n n and (dG) •(dC) were not methylated. However, both the alternating, doublestranded (dG-dC) •(dG-dC) and the random, single-stranded (dG.dC) were n n n methylated at a rate comparable to M. luteus DNA.
Kinetics of the reaction
The standard reaction (35 yg of M. luteus DNA) is linear for 20 minutes, continues at a slower rate for an additional 40 minutes, and then essentially stops. Addition of more DNA at 60 minutes causes no resumption of the reaction, while addition of enzyme causes the reaction to resume, but at a rate 40% slower than the initial reaction. Therefore, cessation of the initial reaction is due to loss of enzyme activity rather than saturation of available sites on DNA. This may represent inactivation of the enzyme during 
DISCUSSION
We have purified a DNA methylase over 270-fold from HeLa cell nuclei.
This activity behaves as a single enzyme during purification and transfers methyl groups from jj-adenosyl-L-methionine to cytosine residues in DNA.
Since measurement of the extent of reaction required large amounts of enzyme, we chose first to compare the rates of methylation of a wide variety of substrates in standard 20-minute reactions with an excess of DNA substrate.
(Subsequent comparison of extent and rate data for M. luteus and HeLa doublestranded and single-stranded DNA's shows that rates are qualitatively proportional to total available sites of methylation. The data in Table 3 show that M. luteus DNA (722 GC) was methylated more rapidly than E. coli B DNA (50% GC). This difference may reflect differences in the frequency of occurrence of recognition sites which could be related to GC content. The HeLa DNA methylase can methylate single-stranded DNA. A similar result was observed by Drahovsky and Morris 16 for rat liver DNA methylase, and they suggest that this may represent an ^n vivo requirement for unwinding of double-stranded DNA in order for the methylase to "read" the base sequence.
Our data indicate that the extent of methylation of single-stranded DNA is 3-to 4-fold higher than on double-stranded DNA. Assuming that the methylase recognition site occurs in a specific base sequence, it is possible that the recognition site on single-stranded DNA is less specific, perhaps by one base, than that on double-stranded DNA (e.g., a pentanucleotide vs. a hexanucleotide). However, our nearest neighbor data indicate that if such a difference in specificity does exist, it is not immediately adjacent to the 5-methylcytosine.
HeLa cell DNA is methylated by the enzyme, but only about 3% as much as M. luteus. This is to be expected since in bacterial systems homologous DNA's are not methylated at all because their methylation sites are presumably already occupied. However, in mammalian systems there may be a "lag"
between DNA polymerase and methylase action, leaving a small number of potential methylation sites exposed on the progeny strands of newly replicated DNA. In this respect Adams 36 has found that in mouse L929 cells, short DNA chains are not methylated before being joined to higher molecular weight DNA.
A surprising result was that HeLa DNA methylase can methylate two synthetic copolymers: the double-stranded, alternating (dG-dC) Q '(dG-dC) n and the single-stranded, random (dG.dC) . This result could be interpreted to mean that the DNA methylase recognition site consists only of G and C residues and Pu-Py ambiguities, such as the sites known for the Haemophilus aphirophilus, 3 7 II. parainf luenzae, 3 
